Four sets of p53-binding proteins are discussed in this review. These are the E2F family, the ASPP family, Y-boxbinding protein YB1, and the prolyl isomerase Pin1. Each appears to play a role in the decision by p53 to induce an arrest of cell proliferation or apoptosis and they may also be independent markers of cancer. Their activities appear to be linked with the cell cycle and they may also interact with each other. In this review, the properties of each protein class are discussed as well as how they affect p53 functions. A model is proposed as to how their activities might be coordinated.
Introduction
One of the hallmarks of p53 is its propensity to form complexes with other proteins. A list of about 80 p53-binding proteins and family members is shown in Table 1 . This list only includes p53-binding proteins of which two or more independent and in vivo observations of complex formation have been reported. So the list is likely to be much greater. Interactions such as these, as well as post-translational modifications discussed elsewhere in this issue, frequently dictate how p53 behaves. For example, Mdm2 binds to the transactivator domain of p53 to inhibit its transactivation ability and also mediates ubiquitin-dependent proteolysis of p53 (see review by Prives and Hall 1 ). In contrast, other proteins function as transcriptional coactivators of p53, such as p300/CBP and Sp1 1 or corepressors, again Sp1 2 and Sin3a, 3 and still others appear to dictate the nature of p53's downstream response. Indeed, a particularly common feature of p53-binding proteins seems to be in determining whether p53 induces a cell cycle arrest or apoptosis.
It is beyond the scope of any review to discuss adequately all of the many different p53-binding proteins, and do them justice. We have therefore concentrated on a few interesting and novel proteins, data about which were discussed at the 12th International p53 Workshop, 4 and have since been published and which are a focus of our respective laboratories. These proteins appear to influence the decision by p53 to induce apoptosis or cell cycle arrest. The E2F family appears to be critical for normal cell cycle regulation; ASPPs specifically promote p53-dependent apoptosis; YB1 specifically prevents p53-dependent apoptosis; and Pin1 modulates both processes. Although limited in number, these sets of p53-binding proteins nonetheless serve to illustrate the diversity and complexity of the regulation of p53.
The E2F Family
There are eight members in the E2F family (E2F1-8), all of which are key transcription factors that control cell cycle progression. 5 The tumor suppressor pRb (retinoblastoma susceptibility protein) arrests cell cycle progression by binding E2F1, E2F2, and E2F3 and inhibiting their transcriptional activity, whereas p107 binds E2F4 and p130 binds E2F5 to inhibit cell proliferation. 6 Like pRb, p53 only binds E2F1-3 due to the presence of a conserved domain in the N-terminus, which is not present in the other family members. Moreover, the p53-binding domain in E2F1-3 also binds cyclin A. Hence, cyclin A and p53 can compete for binding to E2F1-3 in vivo. 7, 8 A recent study has shown that the interaction of E2F and p53 is important in regulating the activity of p53 in normal cells throughout the cell cycle. 9 This is achieved by E2F1-3 binding a region in p53 that overlaps its C-terminal nuclear export sequence (NES), thereby causing p53 to be retained in the nucleus. Furthermore, E2F1 preferentially retains Ser315-phosphorylated p53 in the nucleus although the precise mechanism is unknown. However, one in vitro study has shown that Ser315 phopshorylation can destabilize the p53 tetramer, 10 thus exposing the NES, thereby increasing the likelihood that p53 will be exported into the cytoplasm. Therefore, the binding of E2F1-3 to p53 could mask the NES, effectively preventing nuclear export.
Ser315 is the only site in p53 that is phosphorylated by kinases that regulate cell cycle progression, for example, cyclin A/cyclin-dependent kinase (CDK)2, 11,12 cyclinB/ CDK1, 12 and aurora kinase. 13 As a consequence, the phosphorylation status of p53 Ser315 is periodic and regulated throughout cell cycle. Interestingly, the expression of E2F1-3 and cyclin A are precisely regulated during the cell cycle (reviewed in Loughan and La Thangue 6 ). The levels of E2F are high at the G 1 /S transition, 14, 15 whereas cyclin A is high at mid-S to G 2 /M. 16 As cyclin A competes with p53 for binding to E2F1-3, 8 E2F has a window of opportunity to regulate p53 at the G 1 /S transition when E2F1-3 levels are high and the cyclin A and Ser315-phosphorylated p53 are relatively low. It is also when p21
Waf1/Cip1 is required to perform its G 1 checkpoint function, although in excess will cause cell cycle arrest. In agreement with this, expression of p21 Waf1/Cip1 is highest at the G 1 /S transition and lowest in S phase. 17 In addition, nuclear p53 has only been detected in untransformed cells at the G 1 /S transition, while cytoplasmic p53 is associated with S phase cells, and cells expressing high levels of cyclin A. 18 The striking similarity of the timing between p21
Waf1/Cip1 and E2F expression is consistent with the notion that E2F/p53 interactions play a role in regulating the transcriptional activity of p53 throughout the cell cycle. Hence, by binding and retaining Ser315 phosphorylated p53 in the nucleus, E2F1-3 act as fine tuners for p53 during cell cycle progression. 9 This cyclic regulation of p53 by E2F family members is illustrated in Figure 1 .
One of the most common events occurring in human cancer is the inactivation of the RB pathway. This is often achieved by mutations in pRb and p16
Ink4a , a CDK inhibitor, reduced expression of p27 Kip1 , and overexpression of various cyclins and CDKs. These result in elevated activities of E2F and cell cycle entry. Interestingly, the E2F/p53 complex has been detected in tumor cells and a previous study showed that the cyclin A binding domain of E2F1-3 is required to stimulate the apoptotic function of p53. 8 This is particularly important as it has been shown that the ability of E2F1 to enhance the apoptotic function of p53 is independent of p19 Arf , 19 which is a transcriptional target of E2F 20 and is also an inducer of p53 through its ability to prevent Mdm2-mediated degradation of p53. 21 In the context of DNA damage, E2F is also important. In response to a genotoxic event, p53 causes a cell cycle arrest by transactivating the CDKN1A gene, encoding p21
Waf1/Cip1 thereby ensuring a G 1 arrest. Almost all DNA-damaging signals that activate p53 also induce expression of E2F1. 22 This results in the increase of E2F-p53 complexes occurring while cyclin A expression is low, thereby allowing E2F1 to enhance the apoptotic function of p53. 8 This could be one of 23 Notwithstanding this, E2F1 may well participate directly in a DNA damage response to regulate apoptosis, independently of p53. 24 The ASPP Family Among the factors identified so far, the evolutionarily conserved ASPP family of proteins plays an important role in regulating the apoptotic, but not cell cycle function of p53. The ASPP family has three members -ASPP1, ASPP2, and inhibitory (i) ASPP. All ASPP family members share sequence similarity in their C-terminals that contain the signature sequences -Ankyrin repeats, SH3 domain, and Proline-rich region -hence, ASP Protein. ASPP also stands for apoptosis stimulating protein of p53 as all of them can bind and regulate the activities of p53 through their C-terminus. 25 The most conserved member of the ASPP family is iASPP and it is the only member of the ASPP family that exists in Caenorhabditis elegans. 26 Deletion of iASPP and p53 in C. elegans has shown that iASPP is an important antiapoptotic gene product that prevents germ cells from DNA damageinduced apoptosis, which to a large extent is p53 dependent. To our knowledge, iASPP is one of the most conserved inhibitors of p53 identified so far. Mechanistically, iASPP binds and inhibits p53-mediated apoptosis through its C-terminus. Remarkably, the ability of iASPP to inhibit p53-mediated apoptosis is conserved from C. elegans to humans, as C. elegans iASPP can inhibit human p53-induced apoptosis in human cells as effectively as human iASPP. 26 Humans have evolved two ASPP family members, ASPP1 and ASPP2, both of which bind to p53 due to the sequence similarity in their C-terminus, and stimulate the apoptotic function of p53. However, the N-terminus of ASPP1 and ASPP2 is still required for the proapoptotic function of ASPP1 and ASPP2. 25 While the N-terminals of ASPP1 and ASPP2 are very similar, they share no sequence similarity with that of iASPP. 27 The precise details underlying the mechanism of the proapoptotic function of the N-terminus of ASPP1 and ASPP2 are currently unknown. Nevertheless, when intact ASPP1 or ASPP2 binds p53, they can specifically enhance the ability of p53 to induce apoptosis but not cell cycle arrest. Chromatin immunoprecipitation assays have shown that the binding of ASPP1 and ASPP2 to p53 can selectively stimulate the binding of p53 to promoters of the proapoptotic genes, such as BAX and PIG3, but not to the promoters of the cell cycle arrest gene CDKN1A or the MDM2 gene. 25 Similarly, the binding of ASPP1 and ASPP2 to the p53 family members, p63 and p73, also enhance the apoptotic function of p63 and p73 by selectively stimulating their transcriptional activities on proapoptotic promoters 28 ( Figure 2 ). Oncogenes, such as RAS and E1A, can transform rat embryo fibroblasts in vitro but they can also induce expression of p53 through the ability of their protein products to induce p14
Arf and inhibit Mdm2-mediated degradation of p53. 29 In addition, E1a can increase the activity of E2F through its
Cyclin A p53 target genes Figure 1 Cyclic control of p53 cell cycle checkpoint function by E2F family members. p53 becomes phosphorylated at ser315 by cell cycle-associated kinases. This provokes E2F1-3 to bind p53 displacing cyclin A interaction and inducing p53 to become transcriptionally competent. As cyclin A and other kinase levels increase, E2F1-3 binding will be disrupted thereby reducing p53 activity ability to bind pRb. Both RAS-and E1A-transformed cells tend to be sensitive to p53-mediated apoptosis. Hence, inhibiting the apoptotic function of p53 is one of the most important steps during oncogenesis. Consistent with the notion that the expression levels of the ASPP family members, ASPP1, ASPP2 and iASPP, play a key role in determining the cellular apoptotic response of p53, p63, and p73, coexpression of ASPP1 and ASPP2 inhibit, whereas coexpression of iASPP enhances the transforming activities of oncogenes RAS and E1A. 26 In addition, high levels of ASPP1 and ASPP2 are not tolerated in cells since attempts to establish cell lines stably expressing ASPP1 and ASPP2 have been unsuccessful (X Lu, unpublished data). In agreement with this, antisense RNA of ASPP1 and ASPP2 reduced apoptosis induced by DNAdamaging agents including chemotherapeutic drugs cisplatin, etoposide, and UV. This was observed in tumor cells expressing either wild-type p53 25 or no p53. 26 In contrast, no difficulties were encountered in establishing cell lines stably expressing high levels of iASPP, which are more resistant to apoptosis induced by cisplatin or UV compared to their parental cell lines. 26 These data serve to illustrate that whereas ASPP1 and ASPP2 are potential tumor suppressors, iASPP is likely to be an oncoprotein.
This hypothesis is supported by findings obtained from the co-crystal structure between the DNA-binding domain of p53 and the C-terminus of ASPP2, that all ASPP2 contact residues in p53 are mutated in human cancer with a relatively high frequency. 30 Among them, the most studied residue is Arg181, a mutation that occurs in human breast and cervical carcinoma cells. 31 It is also a mutant p53 that can induce cell cycle arrest as effectively as wild-type p53 through its competence to transactivate the promoter of the CDKN1A gene. 31 The only defect observed with this p53 mutant is its failure to transactivate the promoter of the BAX gene and to induce apoptosis. 31 Interestingly, when Arg181 is mutated to cysteine or leucine, the resultant p53 mutants have reduced ability to bind ASPP1. These mutant p53 proteins are also defective in responding to the stimulatory effects of ASPP1 and ASPP2. 25 Hence, escaping the stimulatory function of ASPP1 and ASPP2 may be one of the underlying reasons why all ASPP2 contact residues are mutated in human cancers.
Finally, the importance of the ASPP family in human malignancies is underscored by the observation that downregulation of ASPP1 and ASPP2 is a frequent event in human tumors expressing wild-type p53, and to a lesser extent, in tumor cells expressing mutant p53. 25 This could be due to the fact that ASPP1 and ASPP2 are common activators of p53. Overexpression of iASPP is also detected in various tumor cells. 26 These data illustrate that the ASPP family of proteins may play a key role in tumor development, particularly those with a genetically wild-type TP53. Therefore, the ASPP family presents an attractive molecular target for therapeutic development.
The Y-box-binding Protein YB1
Y-box-binding protein YB1, also known as DNA-binding protein (dbpB) and nuclease-sensitive protein 1 (NSEP1), encoded by the NESP1 gene, is a member of the cold shock family of proteins that contain a highly conserved nucleic acidbinding motif (reviewed in Kohno et al. 32 ). The name Y-box refers to a specific DNA sequence to which all Y-box family members bind and is very similar to the common CCAAT box. 33 Two homologues have also been identified, dbpA and dbpC. 32 DbpC is the human homologue of the mouse Y-box protein MSY2 that is expressed only in germ cells and is essential for sperm and follicle development. 34, 35 The mouse homologue of YB1 is MSY1, which is associated with paternal mRNA in spermatocytes. 36 Thus, YB1 and its family members probably play important roles in embryonic development.
YB1 appears to carry out multiple functions including roles in RNA splicing and masking, translation, DNA repair, and transcription (reviewed in Kohno et al. 31 and Wolffe 33 ). For nuclear activities, YB1 must first translocate to the nucleus, as the majority of YB1 is located in the cytoplasm. 37 Thus, the regulation of nuclear translocation is an important control of YB1 function. Nuclear translocation of YB1 occurs in response to a variety of stresses that include UV exposure, DNA-damaging agents, and hypothermia. [37] [38] [39] Recent evidence suggests that YB1 must first be cleaved, and that only the N-terminal portion translocates to the nucleus. 40 This issue is discussed further below.
YB1 is also an important marker of and contributor to tumorigenesis. YB1 expression in clinical specimens is significantly correlated with tumor stage and patient prognosis for many human tumors, including the common malignancies of the lung, breast, and colorectum. 32, 41, 42 Indeed, one study reported no expression of YB1 in normal breast tissue, 41 making YB1 a tumor-specific marker. Moreover, stratification of YB1 staining by subcellular localization has shown that nuclear YB1 is generally associated with more advanced disease and poorer patient prognosis. 32 Overexpression of YB1 is also frequently observed in drug-resistant cells and tumors and its expression is closely associated with that of Pglycoprotein encoded by the Multidrug Resistance 1 (MDR1) gene. 32 In addition to this circumstantial evidence, recent experimental studies have confirmed the importance of YB1 in cancer. Expression cloning identified YB1 as a factor conferring epidermal growth factor (EGF) independence on mammary epithelial cells, and transduction of YB1 into such cells caused the EGF receptor to be overexpressed. 43 EGF receptor upregulation is a marker that is frequently linked to poor outcome in breast cancer patients. 44 In addition, transgenic mice overexpressing YB1 in a breast-specific manner were found to be highly tumor prone 45 and tumor cells derived from these mice were genetically unstable. A direct link between nuclear localization and growth-promoting activities of YB1 has also been shown. 46 Transduction of MCF-7 cancer cells with YB1 led to clonal expansion in softagar, which was prevented if nuclear translocation was abolished by mutation. This mutation, at serine 102, also abolished Akt-dependent phosphorylation of YB1.
YB1 also binds to p53. This occurs through an interaction with the C-terminus between amino-acid residues 363-376, 47 a region that is extensively modified, and which, at least in vitro is important in regulating p53 function (see elsewhere in this issue). Inhibition of YB1 has been shown to upregulate p21 Waf1/Cip1 expression, 47 although in a separate study, p53-binding proteins AW Braithwaite et al inhibition of YB1 led to p53-dependent apoptosis in several human cancer cell lines. 48 The reported antiapoptotic activity 49 of p21 Waf1/Cip1 would seem to be inconsistent between these two sets of observations. YB1 nuclear translocation may also involve p53. As discussed above, nuclear translocation of YB1 occurs after stress treatment of cells, and we showed that this required expression of wild-type p53. 50, 51 These studies also demonstrated that the translocation does not result from direct binding to p53, but requires that the p53 protein is transcriptionally competent. 50 Thus, it seems likely that p53 induces expression of a gene, the protein product of which would bind YB1, and effect its nuclear translocation.
Notwithstanding these observations, nuclear translocation of YB1 has been shown to occur in a cell cycle stagedependent fashion, occurring only at the G 1 /S phase boundary, 52 that it is dependent on binding to the splicing factor SRp30c, 53 and as mentioned above, it requires Aktdependent phosphorylation. 46 Rationalization of these separate observations has yet to occur, but an association with cell cycle stage could be a possible link.
Once in the nucleus, YB1 can stimulate cell proliferation and transactivate several 'growth' genes including EGFR,
43
C-ERB B2, 54 and the gene encoding DNA polymerase a, 55 and downregulate cell death-promoting genes FAS 56 and TP53. 48 In addition, it was recently reported that nuclear YB1 prevents p53 from inducing apoptosis by selectively preventing p53 from transactivating proapoptotic genes. 50 Thus, YB1 acts in an opposite manner to ASPP proteins. This inhibitory activity of YB1 does require a direct interaction with p53. 50 Thus, putting these data together (Figure 3 ) one might envisage a scenario in which YB1 carries out activities in both the nucleus and the cytoplasm that are a part of normal cell physiology and which prevent premature senescence. 57 Upon stress or other exogenous signals such as certain growth factors, YB1 becomes phophorylated by Akt. This might provide a signal for proteolytic cleavage of YB1. In parallel, these signals also 'activate' p53, which causes cell cycle arrest and induces expression of gene X. The product of this gene would then bind to the N-terminal portion of YB1 and mediate its translocation to the nucleus. Once in the nucleus, YB1 can promote growth and inhibit apoptosis.
Presumably, nuclear translocation of YB1 represents an adaptive response to stress. However, if the stresses become chronic, YB1 may confer a growth advantage on cells, which would predispose them to malignant transformation. Continued expression of nuclear YB1 may also be important for continued tumor cell growth.
The Prolyl Isomerase Pin1
The prolyl isomerase Pin1 is a different kind of p53-binding protein. In contrast to the other proteins discussed thus far, it is an enzyme that catalyses phosphorylation-directed prolyl isomerization. However, similar to the others, it again contributes to maintaining the balance between p53-dependent proliferative and proapoptotic pathways in normal cells.
Pin1 catalyzes cis/trans isomerization at phosphorylated Ser-Pro or Thr-Pro motifs present in many proteins involved in tumorigenesis, such as cyclin D1, b-catenin, NF-kB, p53, and p73. 58 The resulting conformational changes can trigger various functional outcomes, thereby regulating a multitude of profoundly interconnected cellular processes. 59 Substrate recognition by Pin1 follows phosphorylation by prolinedirected kinases, including CDKs and MAPKs, while Pin1 is itself induced by a variety of proliferative and oncogenic signals. 58 At the molecular level, one possible mechanism of Pin1 activity is to 'lock' some of its substrates in a phosphorylated cis-conformation. Although energetically unfavorable, it is resistant to dephosphorylation and degradation induced by trans-specific phosphatases and ubiquitin ligases, resulting in stable and active proteins. 58 Other substrates such as c-Myc are instead isomerized to a trans-conformation and their stability decreases as a result of Pin1 activity. 60 Accumulating evidence indicates that, upon phosphorylation, Pin1 regulates the timing of p53 activation by rendering p53 suitable for subsequent modifications and modulating its interaction with DNA and cofactors (Figure 4 ). Barely detectable under normal growth conditions, the interaction between p53 and Pin1 markedly increases after genotoxic stress, on expression of activated oncogenes, and probably in response to a wide range of other stimuli (see above references). These events cause phosphorylation of a subset of the six Ser/Thr-Pro motifs of p53 (within the N-terminal polyproline domain of p53) allowing them to bind the Nterminal WW domain of Pin1, with subsequent isomerization by its C-terminal catalytic domain. UV irradiation or treatment of cells with doxorubicin recruits Pin1 to Ser33, Thr81, and Ser315 of p53, while g-irradiation also requires Ser46. 61, 62 Therefore, Pin1 can integrate multiple signals deriving from different pathways, thus fine-tuning p53 activity. Cells lacking Pin1 fail to efficiently stabilize p53 upon genotoxic stress and, as a consequence, cell cycle arrest and apoptotic responses are not fulfilled. 58, 62 Extensive work is still needed to clarify which phosphorylation events are important in different circumstances, and how Pin1 activity at different Ser/Thr-Pro sites impinges on the overall conformation of p53. However, the importance of Pin1 binding to Thr81-Pro82 of p53 is emphasized by the fact that this site is found mutated in tumors, 63 and recent work has demonstrated that Pin1 activity at Pro82 is essential for the binding of CHK2 and Ser20 phosphorylation upon DNA damage, thereby allowing efficient detachment from Mdm2. 64 These observations are in agreement with previous demonstrations that Pin1 is required for dissociation of Mdm2 and full stabilization of p53 following UV irradiation. 62 As a matter of fact, the contribution of Pin1 to the induction of p53 target genes 62 could be partly explained by the observation that Mdm2 is also able to inhibit p53 transcriptional activity by Pin1 Figure 4 Phosphorylation-dependent prolyl isomerization catalyzed by Pin1 regulates the timing of p53 and p73 activation upon stress. Under normal conditions, both p53 and p73 are targeted for degradation by their ubiquitin ligases, primarily Mdm2 and Itch. Following genotoxic stress, and possibly also after other signaling events, activation of cellular kinases stimulates the phosphorylation-dependent association of p53 and p73 with Pin1. This event results in conformational changes that promote subsequent modifications: p53 is phosphorylated by CHK2 and dissociates from Mdm2, while association with p300 promotes p73 stabilization. This could possibly also result from Pin1 -dependent dissociation of Itch (see text for details). Finally, Pin1 stimulates acetylation of p53 and p73 by p300 and dissociation from the inhibitor iASPP, thus enhancing the transcriptional activity of p53 and p73 towards proapoptotic target genes catalyzing its NEDDylation. 65 It will be interesting to determine whether Pin1 activity can also affect the pathways, yet elusive, which engage the p53 DNA-binding domain with the ubiquitin ligases Pirh2 and COP1. 66, 67 p53 transcriptional activity is also regulated by interaction with acetyltransferases and stress-activated isomerization of p53 stimulates the acetylation of p53 C-terminal lysine residues by p300/CBP (G Del Sal, unpublished data), analogous to p73. 68 Furthermore, these events have been linked to the induction of proapoptotic target genes. 69 Understanding how Pin1-induced conformational shifts affect the interaction of p53 with some of its partners and modulating its functions, may help us explain the specificity of the p53 response.
It is widely accepted that the cell type, the nature of the stress, and its intensity determine the final outcome of p53's activities. A role for Pin1 in determining p53's choice between inducing cell cycle arrest or apoptosis has been proposed, based on the observation that in cells devoid of prolyl isomerase activity, the induction of apoptotic p53 targets is compromised. 62 Intriguingly a key Pin1 target site at Ser46, which is phosphorylated by p38 MAPK and HIPK2, is central for modulating p53 apoptotic function. 70, 71 Pin1-induced conformational change on Ser46 may be needed to reach the p53 dosage necessary for switching on this subset of genes. Alternatively, Pin1 activity could ameliorate occupancy of p53 proapoptotic promoters. For instance, interaction with ASPP proteins directs p53 (and also p63 and p73) towards proapoptotic promoters. 25, 28 Recent work (X Lu, unpublished data) has indicated that the Pro/Arg 72 polymorphism also influences ASPP binding, implying a critical role for the conformation of the p53 proline-rich domain in the apoptotic response that invites speculation on the role of proline isomerization.
The role of p53 family members p73 and p63 in regulating p53 apoptotic function has still not been clarified. In some contexts, p63 and p73 are required for recruitment of p53 on pro-apoptotic target promoters. 72 It has also been demonstrated that the prolyl isomerase activity of Pin1 modifies p73 conformation, promoting its acetylation by p300/CBP in a cAbl-dependent fashion, and indeed under genotoxic stress, Pin1 is essential for p73's apoptotic activity. 68 This finding has important implications for cancer therapy, given p73's ability to determine chemosensitivity in some tumor cells lacking functional p53, 73 and also implicates Pin1 in coregulating p53 family members' activities. The evidence that Pin1 is present at p53 and p73-target promoters (G Del Sal, unpublished data) suggests that Pin1 may contribute to promoter selection by stabilizing transcriptional complexes involving p53, p63, p73, and coactivators like p300, ASPP, and others. The polyproline region of p73 that is recognized by Pin1 does in fact overlap with the binding site for YAP, an essential factor directing p73 towards proapoptotic promoters. 74 Intriguingly, conformational alteration of this domain would be expected to interfere with binding of the ubiquitin ligase Itch, 75 thus providing a mechanistic explanation for the observed role of Pin1 in p73 stabilization. 68 Given the similar effects exerted on p53 and p73, Pin1 may well represent a common mediator for cooperative activity among the p53 family members. Pin1 is also controlled by E2F1 and induced during cell cycle progression. 76, 77 Moreover, phosphorylation events regulate both its nuclear localization and substrate binding capability (reviewed in Wulf et al. 59 ), while recently its ubiquitin-mediated degradation has been found to be inhibited by mitotic signals through Polo-like Kinase1 (Plk1). 78 Plk1 is overexpressed in many tumors and this may contribute to the increased levels of Pin1 observed in several cancers. Deregulation of Pin1 can therefore contribute to cancer progression, but this must be reconciled with its role as a regulator of p53 and p73. About 50% of tumors contain mutant versions of p53 that may contribute to tumor aggressiveness, and this may be in part due to ablation of p73 functions. Interestingly, Pin1 is able to interact with mutant p53 proteins, which implies that mutant p53 is already phosphorylated on the Pin1 consensus sites. The observation that Pin1 is able to bind mutant p53 raises the exciting possibility that Pin1 could regulate mutant p53 prooncogenic activities by controlling its ability to trans-activate certain promoters or to interact with specific proteins. Pin1 modulates the physiological functions of p73; 68 however in the context of a tumor cell, where signaling pathways are deregulated and p53 is mutated, Pin1 could contribute to oncogenesis by enhancing the interaction between mutant p53 and p73.
Although more work is required to support all these hypotheses, we can view Pin1, under physiological conditions as a fine tuner of the p53 protein family network, while during the transformation process it can change its role becoming a dangerous global amplifier of signaling pathways and thus contributing to cancer progression.
Coordinating Life and Death
In addition to trying to understand how each individual p53-binding protein contributes to the regulation of the p53 pathway, there is a great need to understand how they are all coordinated. This is an extremely difficult task because of the complexity of the interactions between p53 and its many partner proteins (Table 1) . However, with respect to those p53-binding proteins discussed in this review, it is possible to make some attempt at coordination. One possible scenario is outlined below (Figure 5 ).
E2F family members regulate normal cell cycle progression. When bound to pRb, a transient G 1 /S arrest occurs, which is overcome with a proliferative signal as pRb becomes phosphorylated. The unbound E2F proteins can now bind p53, freeing up cyclin A and causing retention of p53 (phosphorylated on Ser315) in the nucleus (Figure 1) , poised presumably to transactivate its target genes. As described above, this would be transient and cyclic. At the same time, YB1 might be shunted into the nucleus dependending on the level of p53 and Akt activity, and possibly on cell cycle phase. This would dampen p53's apoptotic response, but still allow its cell cycle checkpoint activity and therefore a measure of stress responsiveness. Thus, both YB1 and E2F would finetune p53 activity under normal conditions.
If cells are exposed to genotoxic stress, p53 phosphorylation would increase allowing Pin1 to stabilize an energetically unfavorable conformation. p53 could then interact more p53-binding proteins AW Braithwaite et al efficiently with the core transcriptional machinery to transactivate more target genes. This would result in more YB1 translocating to the nucleus, transactivation of p21 Waf1/Cip1 , and a cell cycle arrest, while inhibiting apoptosis (Figure 3) . Further signalling to Pin1 (by chronic or severe stress or other signal) would allow Mdm2 detachment and might provoke ASPPs to bind p53 (Figure 4 ). This might inhibit YB1 (yet to be shown, but suggested by a requirement for the polyproline domain of p53 for YB1 nuclear translocation) and at the same time direct p53 to apoptotic promoters, thus achieving a maximal p53 response. Alternatively, the outcome of the p53 response might be determined by the relative concentrations of YB1 and ASPP proteins. Experiments with knockout mice will elucidate these issues. This is just one of several scenarios that attempts to link the above p53 regulators in a coordinated manner. It does of course ignore many other known and well-studied p53-binding proteins such as are shown in Table 1 . Nonetheless, it does illustrate that it is possible to think about networks of regulated protein interactions rather than just individual protein-protein interactions taken in isolation. Clearly, there is still much to be learnt (see Levine et al. 79 in this issue), but network thinking should help to understand how the many inputs affecting p53 functions are regulated. Figure 5 Coordination of cell cycle arrest and apoptosis. p53 activity is regulated by cell cycle-related kinases and E2F family members throughout the cell cycle as in Figure 1 . Occasional spikes of p53 might also provoke nuclear translocation of YB1 that would moderate the p53 response. Upon stress signalling such as with DNA damage, different kinases phosphorylate p53 allowing it to be stabilized by Pin1. This would stimulate ASPP binding to p53 and nuclear translocation of YB1. Depending on the balance between these two protein sets, p53-dependent cell cycle arrest (favored by YB1) or apoptosis (favoured by ASPP) would ensue
